Recently, we showed that the diffusion of nitric oxide (NO) and NO-mediated signaling was affected by the levels of plasma membrane cholesterol in fibroblasts [1] . The generality of these observations, which would imply that perturbations in NO-signaling mediated by increased membrane cholesterol levels, could be a common pathological trigger in vascular cells, was tested in platelets from normal and dyslipidemic type 2 diabetic (T2D) subjects. Plasma LDL-cholesterol correlated directly with platelet plasma membrane cholesterol (Y=0.28X+0.16; R 2 =0.39). The average platelet plasma membrane cholesterol concentration was ~2-fold larger in T2D than in control subjects (P<0.05). Cyclic GMP production in response to exogenous NO was ~4-fold larger in controls than in T2D (P<0.05). Artificial elevation of membrane cholesterol resulted in 50 % decrease in the initial rates of NO-uptake. Elevated plasma cholesterol could be a contributing factor to T2D-induced platelet hyperactivity, since it correlated with increased plasma membrane cholesterol, the attenuation of NO-diffusion into platelets and the lowering of cGMP biosynthesis.
Introduction
Nitric oxide signaling is a complex process uniquely dependent upon its chemical biology and diffusional path from its point of generation to its ultimate targets, both of which limit the spatial distribution of NO to a narrow region. This results in NO having principally a paracrine rather than an endocrine role in the regulation of blood flow and haemostasis.
Although explanations exist for observed hyperaggregability of platelets under hypercholesterolemic conditions [2] , a direct role for plasma membrane cholesterol (Chol) as a factor affecting cellular NO-diffusion and signaling has been scantly investigated.
Studies have indicated an inverse relationship between O 2 diffusion and plasma membrane Chol content [3] . In a recent publication, we examined the role of the plasma membrane cholesterol in regulating NO diffusion by studying this phenomenon in liposomes, bilayer lipid membranes and fibroblasts defective in cholesterol transport and distribution [1] . These studies clearly indicated that NO-diffusion and signaling was inversely related to the plasma membrane Chol content [1] . A general hypothesis emerging from these studies posits that cholesterol-mediated attenuation of NO-influx and downstream NOsignaling pathways in the vasculature could play a major pathological role in diseases like T2D, often characterized by elevated plasma Chol levels.
Here, blood platelets were employed to test this hypothesis given that they possess negligible ability to biosynthesize cholesterol. Variation in membrane cholesterol content therefore, appears directly related to plasma Chol content [6] , perhaps as a result of passive exchange with the pool of non-esterified cholesterol from plasma lipoproteins.
Therefore, the strategy was to compare normal and T2D populations for their plasma lipid profiles, attempt to correlate these with platelet plasma membrane cholesterol levels, and to determine whether the changes in plasma membrane Chol content were reflected in the rates of NO uptake and the extent of cyclic GMP production.
Materials and methods
Subject selection: Healthy human subjects (n=10), ages 35-70 years were chosen to participate in the study only if they showed no overt symptoms of disease and were taking no medication. Diabetic human subjects, ages 35-70 (n=10) on diet therapy alone and achieving stable and satisfactory glycemic control (fasting glycemia and glycosuria variation <15%; postprandial glycemia variation<25% and HbA 1c <7.5%) were chosen for inclusion in the study. None of patients smoked, had history of alcohol abuse or were taking insulin or any drugs known to lower lipids or interfere with the coagulation and antioxidant systems. Isolation of platelet plasma membranes: Platelet plasma membranes from both control and diabetic subjects were isolated according to previously published methods [7] .
Determination of platelet plasma membrane cholesterol: Gradient-isolated platelet plasma membrane cholesterol was extracted by a 1:1 mix of methanol:chloroform and solvent evaporated under a gentle stream of nitrogen. The resultant film was solubilized with 0.1M phosphate buffer containing 25 mM sodium deoxycholate and 1% Triton X-100 and cholesterol content quantified according to manufacturers instructions.
Measurement of platelet NO uptake / exclusion: Chol-MCD adduct was prepared according to previously published methods [8] and quantified on the basis of cholesterol content. Plasma membrane cholesterol of 10 9 platelets per mL was augmented by suspension in a filtered solution of Chol-MCD containing the indicated [cholesterol] for 30 minutes. Following treatment, platelets were centrifuged and resuspended in 100 volumes of buffer. DAF-2 -a cell-impermeant, NO-sensitive fluorophore [9] was added to the platelet suspension to a final concentration of 10 M. Platelets were then treated (in the presence of DAF-2) with 1 M DEA-NO [10] in a microwell plate at a count that consumed approximately 50% of delivered NO. Formation of nitrosated DAF (DAF-2T) was monitored as evolution of fluorescence on a Perkin-Elmer Victor 3 using an excitation emission couple of 438 / 535 nm.
Platelet cGMP measurements: A standard curve for cGMP detection was prepared as per manufacturer's instruction. Briefly, varying cGMP concentrations (2-512 fmol) were placed in the 96-well plate and incubated with reaction mixture containing cGMP conjugated to horseradish peroxidase. Addition of TMB substrate resulted in a color development which can be monitored by measuring absorbance at 630 nm. Similarly, platelet samples (10 8 ) previously exposed to L-NMMA, an inhibitor of endogenous NO generation, were exposed to the NO donor SNAP (100 μM), for 30 minutes at 37°C followed by cGMP measurements interpolated from the standards.
Results
Platelet membrane Chol correlates with LDLChol: Control (n=10) and T2D subjects (n=10) were probed for their plasma TG, LDL-, HDLChol as well as total Chol. Platelet plasma membrane samples from these subjects were isolated by sucrose gradient centrifugation and cholesterol quantified by enzymatic assay. There was no correlation between TG, total-Chol and HDL-Chol with platelet plasma membrane, however, plasma membrane Chol could be correlated with LDL-Chol (Y=0.28X+0.16; R 2 =0.39; Fig 1) . These results are in agreement with previous studies, suggesting that the plasma membrane Chol content of blood cells like platelets [6] and erythrocytes [11] , (lacking intracellular cholesterol trafficking and biosynthetic pathways) varies directly with the plasma lipoprotein Chol pool.
NO-diffusion into platelets is inhibited upon elevation of platelet plasma membrane Chol:
The use of Chol-loaded MCD to augment the Chol content of plasma membranes is a well established technique [8] . Here we obtained platelets from normal subjects and elevated their plasma membrane Chol by incubation with Chol-loaded MCD. We then compared NO uptake amongst control and Chol-loaded platelets.
In these experiments, NO was delivered from a common NO donor to a suspension of platelets in a solution containing DAF-2; a cell-impermeant fluorophore reactive to NO oxidation products (NO x ). With this experimental design, a fraction of NO will diffuse into platelets and be unavailable for reaction with DAF, thus avoiding interferences arising from the intracellular environment. If plasma membrane cholesterol contributes to a barrier to NO-diffusion, logic suggests that as membrane cholesterol content increases, more NO will remain in the extracellular environment, thus enhancing its reaction with DAF-2 observed as an increase in fluorescent NO x -reaction product per unit time. This is precisely what was observed in these experiments.
The initial rates of the fluorescent DAF-nitrosation was increased by ~1.6-fold in Chol-loaded platelets (Fig. 2 , open diamonds) in comparison to control platelets (Fig.  2, yellow triangles) .
We have determined previously that 40 μM MβCD-Chol treatment increased PM-Chol by ~1.3-fold (data not shown). Figure 3 reveals a ~2 fold increase in membrane cholesterol of platelets from Type 2 diabetics and would likely translate into increased extracellular DAF nitrosation. Although no direct comparison between extracellular DAF nitrosation and intracellular cGMP generation has been attempted, the observation of ~4-fold lowering of cGMP production in platelets from T2D patients versus controls suggests that there may be components other than that mediated by increased PMmembrane Chol that attenuate platelet cGMP production in diabetes. Regardless, changes in DAF nitrosation observed following Chol-loading experiments strongly suggest that NO-diffusion into platelets is impeded by elevations in plasma membrane Chol.
Increased platelet plasma cholesterol translates into attenuated NO-signaling: In order to determine whether platelets with naturally varying plasma Chol levels also exhibited differences in response to NO, we assessed the formation of cGMP in response to exogenously applied NO and sought correlation with membrane cholesterol. We first exposed an intact aliquot of the platelet samples utilized in membrane Chol determinations, to L-NMMA, a nitric oxide synthase inhibitor, for 5h to block all intraplatelet NO biosynthesis. These platelets were then exposed to 100 M SNAP and their intracellular cGMP production was determined with 30 min of NO exposure. Platelets from control subjects had ~2-fold lower plasma membrane Chol than T2D (Fig 3, yellow squares) . The NO-induced, cGMP production in these two populations were inversely proportional to their plasma membrane Chol-levels, where control platelets exhibited ~4-fold larger cGMP production in comparison to T2D treating with equal [NO] (Fig 3, blue  squares) . It is worth noting that basal levels of cGMP were elevated in diabetic patients versus healthy controls, however stimulation with NO abolished this difference. Increased blood glucose is thought to activate the cGMP pathway by an osmotic mechanism that involves PKC-β [12] and explains the disparity in basal cyclic nucleotide levels. Despite this disparity, the response to NO in platelets from diabetics appears blunted and correlates inversely with platelet cholesterol levels. (yellow squares) and intraplatelet cGMP production (blue squares) from control and T2D subjects. Error bars indicate standard deviation (n=10), the significance of the data was determined with the t-test (2-tailed, 2 sample equal variance) * P < 0.05, ** P <0.05
Discussions
The aim of this study was to test whether the platelet plasma membrane Chol-content affected NO-diffusion and downstream signaling i.e. cGMP production.
Loading of platelet membranes with cholesterol clearly impeded the entry of NO into cells, leaving more NO to react with DAF-2, thus resulting in ~1.5-fold larger initial rates of NO x -mediated DAF-2T formation in comparison to control cells.
We then investigated the relationship between platelets bearing natural variations in their plasma membrane Chol levels and the amount of cGMP production in response to extracellular generation of NO. Prior to conducting these experiments we first assessed whether variations in human plasma lipid profiles would correlate with the Chol content of their platelet membranes. This turned out to be the case as a direct correlation between the LDL-Chol levels of normal and T2D subjects and their plasma membrane Chol-levels was obtained confirming previous studies in both platelets [6] and erythrocytes [3] . Cellular cholesterol levels are generally regulated by a balance of endogenous synthesis in the ER, receptor-mediated endocytosis of lipoproteins and efflux to lipid-deficient HDL particles. Although platelets are reported to possess a functional ABCA1 receptor [13] (and may thus be able to efflux cholesterol to HDL), the absence of LDL-mediated receptor regulation has been observed [14] perhaps explaining the correlation with increasing LDL, but not HDL. The absence of correlation between platelet cholesterol with HDL has been noted by other groups [15] and in general cholesterol efflux from platelets remains poorly characterized.
Analysis of NO-induced cGMP responses in platelets from T2D patients bearing increased membrane cholesterol versus normal platelets dramatically revealed that as the average platelet plasma membrane Chol levels approximately doubled the cGMP production decreased by ~4-fold. This is very significant since the platelet inhibitory effects of NO on platelet aggregation are mediated by cGMP [16] .
The data presented here strongly support the hypothesis that NO-uptake and ultimately NOsignaling can be affected by elevations in plasma membrane cholesterol. The present observations with platelets are in agreement with our recent study where sterol transport-defective NiemannPick type C1 (NPC1) fibroblasts exhibited increased plasma membrane cholesterol content but decreased activation of both intracellular soluble guanylyl cyclase and vasodilatorstimulated phosphoprotein (VASP) phosphorylation at Ser(239) induced by exogenous NO exposure relative to their normal human fibroblast (NHF) counterparts. Clearly, these effects were related to plasma membrane Chol levels since its augmentation, in NHF diminished production of both cGMP and VASP phosphorylation elicited by NO to NPC1-comparable levels [1] .
In addition to its cholesterol lowering properties, statins are also known to provide cardiovascular benefits. Our group and others have observed mitigation of diabetes-associated hyperaggregability upon administration of statins [17] . This effect has generally been attributed to the pleiotropic effects of statins mediated in part by inhibition of isoprenoid formation required for the functional assembly of NADPH oxidase and concomitant anti-oxidant effects.
The work outlined in this current paper would suggest that the anti-platelet and vasculoprotective effects of statins could also stem directly from their cholesterol-lowering properties observed as a decrease in platelet membrane cholesterol content and concomitant increase in NO anti-aggregatory bioactivity.
Conclusions: The significance of the present study is that it demonstrates the entry of NO, and the biosynthesis of its second messenger, cGMP, a well established platelet inhibitor, can be inhibited by elevations in plasma membrane Chol in response to T2D-dependent hyperlipidemia. The plasma membrane Chol-mediated attenuation of intracellular NO-signaling could therefore be a pivotal control point in tipping the balance in the T2D-platelet to the pro-aggregatory side.
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